␤-Spodumene (Li 2 O и Al 2 O и 4SiO 2 , LAS 4 ) precursor powders were obtained through a sol-gel process using Si(OC 2 H 5 ) 4 , Al(OC 4 H 9 ) 3 , and LiNO 3 as starting materials and LiF as a sintering aid. X-ray diffraction, scanning electron microscopy, scanning transmission electron microscopy with a wavelength dispersive spectrometer, and electron diffraction analysis were utilized to study the phase transition of the ␤-spodumene glass-ceramics prepared from the gel-derived precursor powders with LiF additive. For the LAS 4 precursor powders containing no LiF, the only crystalline phase obtained was ␤-spodumene. For the pellets containing less than 4.0 wt% LiF and sintered at 1050°C for 5 h, the crystalline phases were ␤-spodumene solid solution and ␤-eucryptite (Li 2 O и Al 2 O 3 и 2SiO 2 , LAS 2 ) solid solution. When the LiF content was 5.0 wt% and the sintering process was carried out at 1050°C for 5 h, the crystalline phases were ␤-spodumene solid solution, ␤-eucryptite solid solution (triclinic), and eucryptite [rhombohedral (hex.)]. When the LiF addition attains 3.0 wt%, the fully densified grains are formed, accompanied with an increase in grain size for LiF addition. At the triple junction of grain boundaries a second phase segregates which is identified to be ␤-spodumene solid solution. In the sintering period of LAS 4 precursor powders with LiF additive, the grains converted to ␤-eucryptite solid solution and ␤-spodumene solid solution remains at the grain boundaries.
I. INTRODUCTON
Li 2 O и Al 2 O 3 и nSiO 2 glass-ceramics (n ‫ס‬ 2, 4, 6, and 8 for eucryptite, spodumene, lithium orthoclase, and petalite, respectively) are endowed with ultralow and even negative thermal expansion, high thermal stability, and high chemical durability. 1 They have been widely used as cooktop panels, stove windows, and cookware and in precision parts. 2 Conventional, low thermal expansion coefficient ceramics like ␤-spodumene (Li 2 O и Al 2 O 3 и 4SiO 2 , called LAS 4 hereafter) are fabricated mainly by the traditional recrystallization of solidified melt, i.e., preparation of monolithic glass products by the usual molding techniques containing blowing, pressing, or casting, followed by controlled crystallization. But it is not easy to sinter ␤-spodumene without a proper sintering aid except the alkoxide-derived precursors. [3] [4] [5] [6] The incorporation of sintering aids results in a large coefficient of thermal expansion. Therefore, the preparation of homogeneous fine ␤-spodumene precursor powders is desirable to lower sintering temperature and obtain an appropriate phase. In recent years, sol-gel processing has been widely used in the manufacture of ceramics because of inherent advantages compared to conventional processing. [7] [8] [9] [10] For example, the high surface area of dried gels can result in very high reactivity, which permits lowtemperature processing. If one starts with mixed solutions or sols, chemical homogeneity even on the molecular scale can be obtained. [11] [12] [13] [14] [15] The phase relationships in the LAS 4 precursor powders have been examined earlier by using various methods. [4] [5] [6] [16] [17] [18] Kobayoshi et al. 4 have pointed out that the phases developed are ␤-spodumene and LiAlSi 3 O 8 in the alumina sol, silical sol, and LiNO 3 solution system. Suzuki et al. 5 have used the partial hydrolysis method of tetraethylorthosilicate (TEOS) coupled with the double alkoxide method, resulting in copolymerization of the precursor solutions with a stoichometric ␤-spodumene composition and crystallization of precursor powders to the ␥-spodumene (␤-eucryptite/␤-quartz solid solution) above 600°C. The ␥ and ␤ transformation of the spodumene occurs about 900°C. Yang et al. 6 also have reported that on heating gel monoliths with a composition of LAS 4 , the ␤-eucryptite crystals are first precipitated around 750°C, followed by precipitation of the ␤-spodumene crystals at 830°C. Phalippou et al. 16 have reported that using Si (OCH 3 ) 4 The mixture of the solutions was refluxed for 70-90 min to form an insoluble gel. The gel was then dried at 50°C for 72-120 h and ground to obtain the LAS 4 precursor powders. The ball mill with alumina balls as the grinding medium was particularly suitable for the grinding of the dried gels. After grinding, the LAS 4 precursor powders was prefired at a heating rate of 3°C/min to 950°C and held for 4 h. The calcined powders of the LAS 4 gels were reground using Al 2 O 3 ball-milling in a vertical vibration lapping machine for 1 h and sifting through a 200-mesh sieve.
A pellet without a sintering aid was prepared from 0.45 g of calcined powders. After being sifted through a 200-mesh sieve, LAS 4 precursor powders were compacted by uniaxial pressing at 176 MPa (18 kgf/mm 2 ) in a 30.0-mm diameter stainless steel die. The compacted pellets were sintered in air by heating to 950, 1050, 1150, 1250, 1300, and 1350°C at a heating rate of 3°C/min and holding for 5 h, respectively.
The LAS 4 precursor powders containing 0.50, 1.0, 2.0, 3.0, 4.0, and 5.0 wt% of LiF (supplied by Merck, Darmstadt, Germany), respectively, were also prepared from LAS 4 precursor powders. After sifting, LAS 4 precursor powders with various amounts of LiF were blended for 4 h in a laboratory ball mill containing aluminum oxide balls and ethanol. The resulting powder mixtures were then dried at 120°C for 2 h and uniaxillary pressed into disks as described previously. The pellets containing various amounts of LiF were sintered in air by heating to 950, 1050, 1150, 1250, 1300, and 1350°C at a rate of 3°C/min and holding for 2 to 5 h, respectively.
B. Methods of analysis
Crystalline phases were identified by XRD and ED. The XRD work was performed using an x-ray diffractometer with a Cu K ␣ radiation and a Ni filter, operated at 30 kV, 200 mA, and at a scanning rate (2) of 0.25°/ min (model Rad IIA, Rigaku, Tokyo, Japan).
The TEM examination was carried out using a JOEL JEM 200 (JEOL Ltd., Tokyo, Japan) microscope operated at 200 kV. ED examinations were also made on carefully thinned foils of the sintered samples. A disk with a diameter of 3.0 mm was sliced from the bulk with an ultrasonic cutter andmechanically thinned to a ␤-spodumene solid solution, ␤-eucryptite solid solution, and eucryptite. In this study, the crystalline phases developed compared with those of previous studies of the LAS 4 precursor powders systems are listed in Table I . Figure 4 shows the SEM micrographs of the pellet samples for the LAS 4 precursor powders containing 3.0 wt% LiF additive and sintered at 950 and 1050°C for 2.5 h, respectively. From Fig. 4(a) , it is found that when sintered at 950°C for 2.5 h, the sintered body still contains a large amount of pores and the densification is therefore not complete. From Fig. 4(b) , it is observed that when the pellet samples were sintered at 1050°C for 2.5 h, the fully densified grains are formed, accompanied with a trend of increasing grain size when LiF is added. Figure 5 shows the SEM fracture surface microstructure of the pellet samples for the LAS 4 precursor powders with various LiF additive contents and sintered at 1050°C for 5 h. From Fig. 5(a) , it is found that, for the LAS 4 pellet samples with 0.50 wt% LiF additive, the sintered body yet contains a large pore fraction and the powders are in the intermediate sintering stage. In that case, the fully densified grains cannot appear; however, as the sintered body contains 2.0 wt% LiF, the fully densified grains are formed and the open pores are decreased, as seen in Fig. 5(b) . In Fig. 5(c) , as the LiF content attains 4.0 wt%, the open pores reduce significantly. From Fig. 5(c) , it is also seen that the solid LAS 4 precursor powders wet each other due to a sufficient amount of the liquid phase and hence it is facile to obtain a densified sample. Aside from this feature, the LAS 4 sintered pellet samples exhibit appreciable grain growth and the grain size varies from 1.0 to 25 m and has a nonuniform distribution, revealing a result of discontinuous grains growth. 
B. Microstructure of the sintered samples

C. Sintering behavior and phase transition modeling of the LAS 4 precursor powders with LiF additive
To investigate the existence of the Al and Si elements, a low-magnification TEM micrograph with a WDS analysis for the LAS 4 precursor powders pellet samples with 3.0 wt% LiF additive content and sintered at 1050°C for 5 h is shown in Fig. 6 . It is found that the grains are rounded and the second phase is segregated.
The Al and Si cation contents at the different locations in Fig. 6 are shown in Fig. 7 . It is found that the Al cation concentration suddenly decreases from 36.73 ± 0.50 to 20.65 ± 2.52 wt% when the location varies from a (near grain boundary) to d (center of a triple point) in Fig. 6 . On the other hand, when the location varies from d to h (center of a grain) in Fig. 6 , the Al cation content increases from 20.65 ± 2.52 to 37.75 ± 0.17 wt%. This result indicates that the grain boundaries have a minimum content of Al cation, i.e., the maximum content of Si cation. When the WDS analysis that is displayed in Fig. 7 is related to the Si/Al ratio, i.e., Al + Si ‫ס‬ 100 wt%, then petalite (Li 2 caused by the liquid LiF (m.p. ‫ס‬ 840°C) at 1050°C. Beyond melting, initial stage rearrangement is aided by intersolubility between the solid and liquid. 19 The preferential dissolution in LiF melt of the LAS 4 precursor powders at the contact leads to the simultaneous diffusion of the Li + and Al 3+ ions into grains. The bright-field (BF) and dark-field (DF) images of the grain boundaries of the TEM micrographs and the corresponding ED pattern for the LAS 4 precursor powders containing 3.0 wt% LiF and sintered at 1050°C for 5 h are shown in Fig. 8 . The grain boundary phase is thus identified to be ␤-spodumene solid solution. On the other hand, from Fig. 8(c) , the electron diffraction pattern with a halo is obtained. This result is caused at a heating period where diffusivity and solubility effects dominate, melt formation occurs, and the glassy phase exists at the grain boundaries. The glassy phase composition corresponds to the expected liquid phase at the sintering temperature. Under nonequilibrium conditions, the initial stage reaction at the solid-liquid interface leads to mass transfer and a substantially reduced surface energy. 20 The decrease in surface energy depends on the free energy/unit area of the chemical reaction. Reactions involve dissolution and wetting spreading on the solid. 20 Kim and Accary 21 also have pointed out that during liquid spreading some microstructural changes take place, leading to the anisotropic nature of surface energies.
Nucleation 23 have pointed out that the crystallization of Coring code 9608 glass (containing TiO 2 of 2.0 wt%), numerous titanium-aluminum oxide crystals with an approximate size of 50.0 nm in diameter are formed. At temperature higher than 1050°C, ␤-eucryptite transforms to ␤-spodumene and other minor crystalline phases are formed. Furthermore, Ray and Muchou 24 have studied the thermally crystallized glasses of (Li 2 O, MgO) и Al 2 O 3 и nSiO 2 by x-ray powder diffraction and pointed out that the high-quartz solid solution (Li 2 O и Al 2 O 3 и nSiO 2 ; n ജ 2) is developed at 650°C and then transformed to a keatite solid solution (Li 2 O и Al 2 O 3 и nSiO 2 ; n ജ 3.5) at 1100°C. Barry et al. 25 also pointed out that TiO 2 acts as a surface active agent, causing alkali-metal and nonbridging oxygen ions to concentrate at the periphery of domains within which all the oxygens are bridging.
Sack and Scheidler 26 have reported that the nucleating agent ZrO 2 , as compared with TiO 2 , has a tendency to inhibit the transformation of ␤-quartz solid solution to ␤-spodumene solid solution. Hsu and Speyer 27 have pointed out that, in Li 2 O и Al 2 O 3 и 6SiO 2 glass containing ZrO 2 , the small ZrO 2 crystallites of about 5.0 nm in the as-quenched glass act as sites for the heterogeneous nucleation and subsequent growth of large ␤-quartz solid solutions.
Stewart 28 has reported that a combination of TiO 2 and ZrO 2 enhances the formation of a transparent glassceramics and markedly affects the kinetics and other properties as well. According to Maier and Miller, 29 when the glass contained TiO 2 and ZrO 2 , the number of nuclei attained 10 17 /cm 3 , which corresponds to an average silicate crystal size of 50.0 nm present in some transparent glass-ceramics.
Wang et al. 30 have pointed out that the grain represents the ␤-eucryptite solid solution phase in the sintering study on the ␤-spodumene-based glass-ceramics prepared from gel-derived precursor powders with LiF additive. The structural similarities between ␤-spodumene and ␤-eucryptite in the networks suggest that migration of the ␤-spodumene and ␤-eucryptite interface is involved in the exchange between Al 3+ and Si 4+ during the sintering of the LAS 4 precursor powder samples. Diffusion of Al 3+ ions must be accompanied by Li + ion migration to maintain charge balance. 31 The amount of liquid increases with the LiF additive content increasing. The relative fluidity of the Li + and Al 3+ ions in solid-liquid suspension increases with an increasing volume fraction of liquid. Finally, the sintering of the LAS 4 precursor powders with LiF additive content results in a transformation to ␤-eucryptite solid solution in the grain and the ␤-spodumene solid solution phase at the grain boundaries.
On the basis of Figs. 6 and 7, the microstructure analysis and ED pattern mentioned above, the sintering model of the LAS 4 precursor powders with LiF additive is shown in Fig. 9 .
IV. CONCLUSIONS
␤-Spodumene precursor powders were obtained by a sol-gel process using Si(OC 2 H 5 ) 4 , Al(OC 4 H 9 ) 3 , and LiNO 3 as starting materials and LiF as a sintering aid. XRD, SEM, TEM, WDS, and ED analyses were utilized to characterize and identify the phase transition phenomenon in sintering of the LAS 4 precursor powders with LiF additive. The results in this study are summarized as follows:
(1) The pellet samples of the LAS 4 precursor powders containing no LiF and sintered at 950 to 1350°C for 5 h develop crystalline ␤-spodumene phases. No other phases are found in the sintered compacts. When the LiF content is less than 4.0 wt% and sintered at 1050°C for 5 h, the crystalline phases are ␤-spodumene solid solution and ␤-eurryptite solid solution. For the LAS 4 precursor powders containing 5.0 wt% LiF and sintered at 1050°C for 4 h, the crystalline phases are ␤-spodumene solid solution, ␤-eucryptite solid solution, and eucryptite. 
